Introduction
Oil shale semi-coke, formed in the thermal processing of oil shale, is a lowgrade fuel with low volatility, low calorific value and high ash content. It is 
Experimental setup and method
In this research, thermogravimetric experiments were carried out using a Perkin-Elmer (USA) thermogravimetric analyzer. The experiments were conducted using different oxygen concentrations (20%, 30% and 40%). All the experiments were carried out at a flow rate of 80 mL/min and a heating rate of 20 °C/min in the temperature range from 40 °C to ~850 °C. About 6 mg of each sample was spread in a uniform layer. All the experiments were repeated and the mean values of the resulting data were used to guarantee deviations to be within 3%. The experimental derivative thermogravimetric (DTG) curves for semicoke and biomass and their blends in an air atmosphere are shown in Figs. 1 [4] . For the blends, Stage B consisted mainly of the burning of volatiles in the biomass. Stage C was mostly the combustion of char in the biomass and of the volatiles in the semi-coke. Similarly, Stage D was the fixed carbon combustion and minerals decomposition in the semicoke. Table 2 shows the temperature ranges of three different weight loss regions, the weight loss in each of these stages and the final residue of samples after combustion. The initial temperature in Stage B and the final temperature in Stage D were taken as the respective temperatures of combustion [17] . The devolatization of semi-coke begins at a higher temperature than that of biomass: at 305 °C and 190 °C, respectively. For all the blends, Stages B, C and D proceed in the same temperature ranges, which suggests that the former reveal similar combustion behaviour. In Stage D, the weight loss of blends was very similar, which is indicative that different kinds of biomass had not affected the fixed carbon combustion and minerals decomposition in the semi-coke. From Table 2 it can be seen that the residual weight of each sample was higher than their ash content (as seen in the A ad values for each sample in Table 1 ). So, the whole combustion conversion was not 100%. Figures 3-8 show the variation of DTG curves with temperature in different oxygen-nitrogen mixtures at a constant heating rate of 20 °C/min. The experimental curve of biomass mixed with semi-coke showed the same stages. Table 3 shows that the maximum and average weight loss rates increased with increasing oxygen concentration, and the maximum temperature (T max ) shifted to a lower level. The average rate of combustion of rice husks was much lower than that of three other kinds of biomass, suggesting that the ash content of the former is much higher than that of the latter. In contrast, the maximum weight loss rate in Stage D declined as the oxygen concentration increased, indicating that the fixed carbon combustion and minerals decomposition in semi-coke could be inhibited. The ignition and burnout temperatures are also used to describe the combustion behavior of fuels. The ignition temperature, T i , was determined using the TG-DTG extrapolation method [18] . The burnout temperature, T h , was defined as the temperature at which the weight of a sample remains unchanged. It was found that the lower the ignition temperature the easier the ignition of the fuel. The lower the burnout temperature, the shorter the burnout time of the fuel, and the lower the combustible matter content of the ash. It is obvious that the initial ignition and burnout temperatures of samples decreased gradually with increasing oxygen concentration, which indicated that the ignition and burnout performances of samples could be improved.
Results and discussion
Others have proposed that the combustion performance index, S, [19] be used to evaluate the pattern of combustion. S is computed as follows:
where, (dW/dt) c max -maximum average weight loss rate, (dW/dt) c mean -average weight loss rate, T i -ignition temperature, and T h -burnout temperature.
The result is that the higher the value of S, the higher the combustion activity of the sample. The values of S at different oxygen concentrations are shown in Table 3 from which it is clear that the S values increase with increasing oxygen concentration.
Analysis of interaction
In order to understand if there is any interaction between oil shale semi-coke and biomass, the theoretical DTG curves were calculated using Eq. (2), below. The calculations are based on the experimental data from combustion of oil shale semi-coke, corn stalks and straw gathered at the same temperature. The theoretical curves represent the sum of the curves for individual components in the blends:
where, x 1 -mass fraction of oil shale semi-coke in the blend, x 2 -mass fraction of biomass in the blend, (dW/dt) 1 -weight loss rate for the semi-coke (%/min), and (dW/dt) 2 -weight loss rate of biomass (%/min). The experimental and calculated DTG curves of samples CSSC and SWSC at a heating rate of 20 °C/min are given in Fig. 9 . It can be seen that an interaction existed in the co-combustion stage. The experimental DTG curves move to a region of lower temperatures and the maximum burning rates increase in the temperature range from 190 °C to 380 °C. The reason is that semi-coke released some volatiles so that the combustion of biomass was promoted slightly. At the same time, in the temperature range of from 380 °C to 630 °C the experimental DTG curves deviate significantly from the calculated, which can be accounted for by the combustion of fixed carbon in the biomass. It is obvious that the burnout temperature of the experimental DTG curves decreased, which indicates that biomass improved the burnout performance of blends. 
Kinetic analysis
The influence of temperature on combustion can be described by the Arrhenius Equation and power law approach, as follows:
where, f(α) = a hypothetical model of the reaction mechanism, k -reaction rate, A -pre-exponential factor (min -1 ), E -activation energy (kJ mol -1 ), R -ideal gas law constant (8.314 J K -1 mol -1 ), T -absolute temperature (K), t -time (min), and α -mass conversion ratio. This can be calculated by the following relationship:
where, m 0 -initial mass of the sample, m t -mass of the sample at time t, and m f -final mass of the sample. For a constant heating rate β (K min -1 ) during combustion β=dT/dt, Eqs. (3 & 4) can be combined into:
Integrating Eq. (6) gives:
where, G(α) is the integral function of conversion. Eq. (6) is integrated by using the Coats-Redfern Method [20] , yielding:
The function G(α ) depends on the controlling mechanism of the reaction and the size and shape of the reacting particles [19] . Table 4 shows the expressions of G(α ) for the basic model functions usually used to study the kinetics of solid-state reactions. Using these functions, it was possible to estimate the reaction mechanisms governing the process of combustion. The form of G(α ), which gives the highest correlation coefficient, will be considered as the best function for the model.
The kinetics models of O1, O2 and O3 are the first-order, second-order and third-order chemical reactions, respectively. R2 is used for a circular disc reacting from the edge inward, while R3 is used for a sphere which reacts from the surface inward. This mechanism is assumed to be the governing conversion model in the combustion of some carbonaceous materials [21] . In a diffusion-controlled reaction, D1 is used for a one-dimensional diffusion process governed by a parabolic law, with a constant diffusion coefficient. D2 is the function for a two-dimensional diffusion-controlled process in a cylinder. D3 is Jander's. Equation for diffusion-controlled solidstate reaction kinetics in a sphere where diffusion in all three directions is highly important. D4 is Ginstling-Brounshtein's Equation for a diffusioncontrolled reaction starting from the outside of a spherical particle [22] . In Stage B of corn straw combustion, models R2, R3, D1, D2, D3 and D4 had higher values of correlation coefficients, i.e. between 0.9800 and 0.9900 (data not shown). However, Model O1 showed the highest values of correlation coefficients for all the samples, exceeding 0.9900 (Table 5 ). In Stage C1 of corn stalk combustion, Models D3 and D4 had the highest values of correlation coefficients, higher than 0.9900. The results of Model D4 are given in Table 5 
Conclusions
Biomass samples experienced two-stage combustion. In the first stage the combustion of the volatile occurred from 190 °C to 360 °C. In the second stage the combustion of fixed carbon took place between 380 °C and 590 °C. Oil shale semi-coke also underwent combustion in two stages: viz. between 305 °C and 639 °C, at which volatiles were released and burned, and between 639 °C and 680 °C, at which the char combustion and minerals decomposition occurred. However, semi-coke/biomass blends underwent three combustion steps.
The maximum values of DTG curves shifted to lower temperatures with increasing oxygen concentration. This shows that oxygen enrichment can shorten burning time and improve combustion activity. Peak, ignition and burnout temperatures all decrease with increases in oxygen concentration. The higher oxygen concentration clearly results in higher weight loss rates.
The co-combustion of oil shale semi-coke and biomass is a complicated multistage process, during which interaction between components occurs. Biomass improves the combustion performance of blends.
The results of the kinetic analysis show that the O1 mechanism is the one mainly responsible for Stage B of biomass combustion, Stage C2 of semi-coke combustion, as well as stages B and C of blends combustion. On the other hand, D3 and D4 diffusion mechanisms are governing Stage C1 of the biomass combustion, while the D4 diffusion mechanism is responsible for Stage D of semi-coke and blends combustion.
